Understanding when and how multipotent progenitors segregate into diverse fates is a key question during embryonic development. The neural crest (NC) is an exemplary model system with which to investigate the dynamics of progenitor cell specification, as it generates a multitude of derivatives. Based on 'in ovo' lineage analysis, we previously suggested an early fate restriction of premigratory trunk NC to generate neural versus melanogenic fates, yet the timing of fate segregation and the underlying mechanisms remained unknown. Analysis of progenitors expressing a Foxd3 reporter reveals that prospective melanoblasts downregulate Foxd3 and have already segregated from neural lineages before emigration. When this downregulation is prevented, late-emigrating avian precursors fail to upregulate the melanogenic markers Mitf and MC/1 and the guidance receptor Ednrb2, generating instead glial cells that express P0 and Fabp. In this context, Foxd3 lies downstream of Snail2 and Sox9, constituting a minimal network upstream of Mitf and Ednrb2 to link melanogenic specification with migration. Consistent with the gain-of-function data in avians, loss of Foxd3 function in mouse NC results in ectopic melanogenesis in the dorsal tube and sensory ganglia. Altogether, Foxd3 is part of a dynamically expressed gene network that is necessary and sufficient to regulate fate decisions in premigratory NC. Their timely downregulation in the dorsal neural tube is thus necessary for the switch between neural and melanocytic phases of NC development. 
INTRODUCTION
The neural crest (NC) is a highly suitable system for investigating mechanisms of lineage segregation during embryogenesis, owing to the variety of derivatives issued from an initially discrete progenitor population. These derivatives range from peripheral nervous system (PNS) components such as sensory and autonomic neurons, satellite glia and Schwann cells (SC), to endocrine cells, pigment and mesectoderm, all produced in various combinations and in a stereotypic, axial-specific fashion (García-Castro and Bronner-Fraser, 1999; Le Douarin and Kalcheim, 1999) .
Of particular interest is the separation between neural and nonneural phenotypes, such as melanocytes. In vitro clonal analysis revealed the existence of single cells with melanocyte-glial potential (Dupin and Le Douarin, 2003) , reminiscent of a common ancestor. Furthermore, attenuating expression of the melanocyte regulator microphtalmia-associated transcription factor (MITF) in culture facilitated the advent of glial markers (Thomas and Erickson, 2008; Thomas and Erickson, 2009 ). In addition, in vivo analysis showed that a late subset of melanocytes is normally produced from an initial population of Schwann cell precursors (Adameyko et al., 2009) , and some diseases of the NC-derived nervous system are frequently associated with abnormal pigmentation (Adameyko and Lallemend, 2010) .
Neural and melanocyte progenitors are sequentially produced in the flank of avian embryos, where NC cells emigrate over a period of about 48 hours. The early emerging cells migrate ventrally through the rostral sclerotome to generate first progeny in the sympatho-adrenal primordium, then SC of the peripheral nerves, and neurons and glia of the dorsal root ganglia (DRG), respectively (Krispin et al., 2010a; Krispin et al., 2010b; Serbedzija et al., 1989) . A day after the onset of NC delamination, late-emerging cells migrate dorsolaterally between the dissociating dermomyotome and ectoderm, and give rise to melanocytes (Erickson and Reedy, 1998; Krispin et al., 2010a; Krispin et al., 2010b) . This progressive ventral to dorsal order of colonization of NC derivatives is accounted for by a dynamic spatiotemporal fate map in the dorsal neural tube (NT). For instance, the dorsalmost cells in the NT are the first to delaminate and generate the ventralmost derivative, sympathetic ganglia (SG); and the ventralmost cells of the dorsal NT domain emigrate last and produce melanocytes. Progressive cell exit is compensated for by a corresponding ventral to dorsal relocation of progenitors towards the dorsal area of the NT, which therefore acts as a transition zone for the progressive influx and departure of cells (Krispin et al., 2010a; Krispin et al., 2010b) .
Furthermore, discrete lineage analysis of cells in the dorsal NT generated progeny in single derivatives, suggesting fate restriction of NC progenitors before departure from the NT (Krispin et al., 2010a; Krispin et al., 2010b) . Consistently, when early delaminating neural progenitors were forced to migrate dorsolaterally, they ectopically upregulated neural markers, yet failed to activate melanocyte traits, further substantiating the notion that at least part of the premigratory NC progenitors are fate restricted (Krispin et al., 2010a; Krispin et al., 2010b) . The molecular mechanisms responsible for segregating neural from melanocytic lineages remain, however, largely unknown.
We recently reported a molecular distinction between both lineages, apparent already in the dorsal NT before cell emigration. Whereas neural progenitors express Foxd3, Sox9 and Snail2, prospective melanoblasts are negative for the above (Dottori et al., 2001; Kos et al., 2001; Krispin et al., 2010b) . This suggests that lineage segregation occurs earlier than previously proposed, but direct evidence for the exact timing and mechanisms is still lacking.
Next, when melanoblasts leave the NT, they upregulate Mitf and endothelin receptor type B2 (Ednrb2; Harris and Erickson, 2007; Harris et al., 2008) . The Mitf isoform M is the earliest marker for melanocytes and is considered to be a master regulator of the lineage (Goding, 2000; Levy et al., 2006; Thomas and Erickson, 2008) . During development, expression of Foxd3 is largely exclusive to that of Mitf, which is upregulated following cell emigration and only after Foxd3 downregulation (Kos et al., 2001; Krispin et al., 2010b; Thomas and Erickson, 2009) . Consistent with this, Foxd3 represses Mitf expression (Curran et al., 2010; Curran et al., 2009; Ignatius et al., 2008) . Ednrb2 is expressed in melanoblasts after delamination and during dorsolateral migration (Dupin and Le Douarin, 2003; Harris and Erickson, 2007) . Misexpression of Ednrb2 in earlymigrating neural progenitors is sufficient to induce premature colonization of this path (Harris and Erickson, 2007; Krispin et al., 2010b; Pla et al., 2005) . No direct connection between Ednrb2 and Mitf expression has yet been established.
Here we show that in avians, prospective melanocytes are initially part of the Foxd3-positive premigratory epithelium, yet segregate from the neural lineages, which persistently transcribe Foxd3, at a stage preceding emigration. If forced to continue Foxd3 expression, melanocyte progenitors fail to upregulate Mitf and Ednrb2. In this context, Foxd3 acts downstream of Snail2 and Sox9, all comprising a dynamic network of dorsal NT genes that negatively regulate melanocyte specification and pathfinding. Furthermore, the latter processes are separable experimentally, as Mitf is sufficient to induce melanocytic traits in neural progenitors without altering their ventral migratory pathways, whereas Ednrb2 drives subectodermal migration without altering cell fate [see also Krispin et al. (Krispin et al., 2010b) ]. In addition, mice mutants lacking Foxd3 in the NC exhibit ectopic upregulation of melanogenic traits in the dorsal NT, in migrating cells, and in sensory ganglia at the expense of neural development, suggesting lineage reprogramming. Altogether, Foxd3 is part of a network of dynamically expressed genes that operate in the dorsal NT and is necessary and sufficient to modulate neural versus melanocyte development from the NC.
MATERIALS AND METHODS

Embryos
Avian embryos
Chick (Gallus gallus) eggs were from commercial sources. Experiments were conducted at the flank level (somites 20-25) or in the prospective flank in embryos younger than 20 somite pairs.
Mouse embryos
The Foxd3 conditional and null alleles (Foxd3 flox and Foxd3 -) were described previously (Hanna et al., 2002; Teng et al., 2008 ; Wnt1-Cre mutant embryos) and to lineage map NC the R26R YFP reporter strain was used (Mundell and Labosky, 2011) . Mouse lines were handled in accordance with Association for Assessment and Accreditation of Laboratory Animal Care standards and protocols with approval from the Vanderbilt University Institutional Animal Care and Use Committee.
Expression vectors and electroporation
Expression vectors were: pCAGGS-AFP (Krispin et al., 2010b) , pCAGGqEdnrb2 (Pla et al., 2005) , Mitf cloned into pCAGGS (Planque et al., 2004) , cFoxd3 (Dottori et al., 2001), pCAGGS-cSnail2-IRES-nls-GFP, pCAGGSSox9-IRES-nls-GFP and pCAGGS-Sox9-EnR-IRES-nlsGFP (Cheung et al., 2005) , and Snail2-BD cloned into pCAGG (Sasai et al., 2001) . DNA (2-5 mg/ml) was microinjected into the lumen of the NT at the flank level of the axis and at specific stages as detailed for each experiment. For hemi-tube electroporations (EP), 0.5 mm tungsten electrodes were placed on either side of the embryo. A square wave electroporator (BTX, San Diego, CA) was used to deliver 1-3 pulses of current at 15-25 volts for 10 mseconds. Embryos were then incubated for various times, ranging from 6 to 48 hours as indicated.
Lineage analysis of Foxd3-expressing cells
Plasmids containing the hs168 and hs169 enhancers from the Vista enhancer browser (http://enhancer.lbl.gov) driving expression of Cre recombinase were co-electroporated along with a reporter plasmid in which a floxed transcriptional STOP module was inserted between the CAGG enhancer/promoter module and the green fluorescent protein (GFP) gene (pCAGG::LoxP-STOP-LoxP-GFP) as previously detailed (Avraham et al., 2009; Timmer et al., 2001 ).
Immunohistochemistry and in situ hybridization
Antibodies against HNK1 (CD57, BD Biosciences), GFP (Invitrogen), MC/1 (Krispin et al., 2010b; Mochii et al., 1988) , islet 1, Melem, P0 (Hybridoma Bank), Fabp7 (from C. Birchmeier) (Kurtz et al., 1994) , Tuj1 and Brn3a (Chemicon) were used as described (Burstyn-Cohen and Kalcheim, 2002) . Cell nuclei were visualized with Hoechst. In situ hybridization was as described (Shoval et al., 2007) . The following probes were employed: Foxd3 (Dottori et al., 2001; Kos et al., 2001) , Sox9 (Cheung and Briscoe, 2003) , Snail2 (Nieto et al., 1994) , neurofilament (Ernsberger et al., 2005) , Kit (BBSRC clone ID chEST583a5), Mitf (Mochii et al., 1998) , Fabp7 (Kang et al., 2012) and Mafb (Lecoin et al., 2004) . The Ednrb2 probe was cloned from a cDNA library of E4 chick embryo using the following primers: 5¢-ATGACTCGAGGC-CTCTGAACAGAAATCCAG-3¢ and 5¢-TATCGGATCCTCTCATCTGTTGGCGTGATG-3¢. Mouse probes used were Mitf, Kit, Trp2 (Stolt et al., 2008) .
Data analysis and statistics
The percentage of dorsolaterally migrating MC/1+, or P0+ cells out of total GFP+ NC-derived cells was monitored in serial sections of chick embryos. In mouse DRG, the percentage of Brn3a+, Fabp7+ and Mitf+ cells out of total labeled cells was quantified. Results represent mean ± s.e.m. of six to 40 sections counted in four to nine embryos per experimental treatment. Data were subjected to statistical analysis using the nonparametric MannWhitney and Kruskal-Wallis tests. All tests applied were two-tailed with P≤0.05.
RESULTS
Temporal analysis of the Foxd3 lineage suggests that neural and melanocyte progenitors segregate before cell emigration We previously showed that Foxd3 is dynamically expressed in the dorsal NT of avian embryos during NC emigration. At flank levels of embryos aged 23-35 somites (ss), when emigration of neural progenitors is underway Foxd3 is widely transcribed, and its expression is gradually restricted as a result of emigration of the Foxd3-positive cells. Later, at 35 ss, when neural progenitors have emigrated and only melanoblasts remain in the epithelium, Foxd3 expression is no longer detected (Fig. 1A,B ) (see Krispin et al., 2010b) . Furthermore, ventrally migrating NC progenitors destined to become neurons or glia continue expressing Foxd3, whereas dorsolaterally migrating cells are negative ( Fig. 1B ; supplementary material Fig. S1A ). As neural, but not melanogenic, progenitors express Foxd3 at both pre-and postmigratory stages, we asked whether melanoblasts were ever part of the Foxd3 lineage. This
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Development 140 (11) notion was directly tested by lineage tracing the progeny of Foxd3-expressing neuroepithelial progenitors. Large-scale transgenic mouse screens of highly conserved noncoding sequences in the human genome revealed several hundred enhancer elements that target β-galactosidase reporter gene expression to specific cell types in transgenic mice at E11.5 (Pennacchio et al., 2006) . Two enhancers (#168, #169) located upstream of the Foxd3 gene and conserved throughout evolution were found to drive expression of a reporter gene in subpopulations of central nervous system (CNS) or PNS cells of transgenic mice at E11.5 (Vista enhancer browser, http://enhancer.lbl.gov/; supplementary material Fig S1B,C) . Whereas in mice expressing β-galactosidase under the regulation of the #169 enhancer a positive signal was detected only in the CNS, enhancer #168 triggered expression in both CNS and PNS populations (supplementary material Fig. S1C ).
To drive robust and stable expression in avian embryos, the enhancer elements were cloned upstream of Cre recombinase and electroporated into hemi-tubes of embryos aged 22-30 ss along with a Cre-dependent GFP plasmid (enhancer::Cre + pCAGG::LoxP-STOP-LoxP-GFP). This paradigm enables stable lineage tracing of the enhancer-expressing cells (Avraham et al., 2009; Zisman et al., 2007) . The #169 sequence drove expression of GFP only in specific CNS progenitors, whereas control RFP was broadly expressed in both the transfected hemi-NT and in NC derivatives (supplementary material Fig. S1D ). By contrast, enhancer #168 triggered GFP expression in both PNS and CNS populations ( Fig. 1D ,G; supplementary material Fig. S1E ), comparable to the patterns observed in mouse embryos. We then focused on the #168 enhancer to further analyze NC-derived lineages.
First, we determined the identity of reporter-expressing cells 6 hours after electroporation (EP) of 22-25 ss embryos, when robust fluorescence was first observed. GFP expression under the control of #168 was restricted to Foxd3+ cells that comprised presumptive premigratory and emigrating NC (arrows and arrowheads, respectively, Fig. 1C ,CЈ). Quantification revealed that 87% of GFP+ cells co-expressed Foxd3 (n=8 embryos). Performing the experiment at later stages also revealed co-expression of #168/Foxd3 in V1 and dI2 CNS interneurons (supplementary material Fig. S1D ) (Dottori et al., 2001; Helms and Johnson, 2003) . As these patterns recapitulate expression of endogenous Foxd3, we suggest that #168 is a specific Foxd3 enhancer.
Next, we followed the fate of Foxd3-reporter-GFP-expressing cells after EP to the NT at the flank level of 22 ss or 30 ss embryos and fixation at E4. When electroporated at 22 ss, GFP expression was observed in all trunk NC derivatives, including SG, SC precursors, DRG and melanocytes (n=6/6, Fig. 1D , insets I-IV, 1E,H) as well as in definitive roof plate (RP) cells that co-expressed the RP marker MafB (Lecoin et al., 2004; Liem et al., 1997) ( Fig. 1E-EЉ) . By contrast, when given at 30 ss, the progeny of Foxd3-expressing cells was restricted to DRG, and GFP was not detected in melanocytes or RP n=7/7) . This, despite the fact that melanocyte delamination follows that of DRG progenitors, and that at the time of EP, melanocyte progenitors still reside in the NT, as monitored by transfection of similarly staged embryos with control GFP (Fig. 1F ) (see Krispin et al., 2010b) . Indeed, the proportion of melanocytes out of total NC derivatives increased upon transfection of control GFP at 30 ss when compared with 22 ss, as expected. By contrast, the proportion of Foxd3-reporterexpressing melanocytes significantly decreased (Fig. 1I, P<0 .05).
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Neural crest lineage segregation As anticipated, no labeling in SG or SC precursors was apparent at 30 ss, as at this stage the respective progenitors had already emigrated ( Fig. 1F-H ) (see Krispin et al., 2010b) . Hence, whereas all NC progenitors initially express Foxd3 in the dorsal NT, neural progenitors continuously transcribe the gene upon emigration, whereas prospective melanocytes segregate from the Foxd3-positive lineage before delamination, a result consistent with the observed mRNA patterns. These results highlight for the first time a molecular difference between prospective neurogenic and melanogenic NC lineages in the dorsal NT. These data also suggest that RP and NC cells initially share Foxd3 before segregating from each other.
Foxd3, Sox9 and Snail2 act as a switch between the production of neural and melanocyte lineages
Continuous expression of Foxd3 in prospective melanocytes inhibits expression of melanocyte markers and of Ednrb2
To directly examine whether the temporal coincidence between loss of Foxd3 and melanocyte development are functionally related, we prevented the downregulation of Foxd3 by electroporating Foxd3 or control-GFP at 35 ss, when neural progenitors are already delaminated and only melanocytes still reside in the NT (Krispin et al., 2010b) . This protocol differs from previous experiments in which Foxd3 was overexpressed in the entire NC population (Dottori et al., 2001; Kos et al., 2001) .
A day following EP, cells that received control-GFP had delaminated and invaded the dorsolateral pathway. These cells coexpressed the melanocyte markers MC/1 and Ednrb2 ( Fig. 2A-CЈ,  arrowheads) . By contrast, not only did Foxd3-misexpressing cells fail to upregulate MC/1 (Fig. 2E ,EЈ, arrowheads, 2M; n=4, P=0.01), they also failed to upregulate Ednrb2 and invade the dorsolateral pathway (n=7, P<0.01). Instead, they migrated ventrally between the DRG and myotome (Fig. 2D-FЈ 
Continuous expression of Sox9 and Snail2 recapitulates the effects of Foxd3 on melanocyte specification and dorsolateral migration
Snail2 and Sox9 exhibit a similar, dynamic pattern of expression to that of Foxd3 in the dorsal NT, as they are transcribed during delamination of neural but not of melanoblast progenitors (Krispin et al., 2010b) . Hence, we hypothesized that Snail2 and Sox9 may similarly affect melanoblast development. When transfected at 35 ss, each factor prevented the normal upregulation of MC/1 (Fig. 2G -HЈ,J-KЈ,M, arrowheads; n=4 for Sox9 and n=4 for Snail2, P<0.01 and P=0.01, respectively), and electroporated cells generated P0+ glia (Fig. 3E -HЈ,I,J; n=4 and 5 for Sox9 and Snail2, P=0.01 and P<0.01, respectively). Thus, the effects of Foxd3, Sox9 and Snail2 on MC/1 and P0 are similar and statistically indistinguishable (Pvalues ranging from 0.3 to 0.9). In addition, the late progenitors transfected with either Sox9 or Snail2 failed to activate expression of Ednrb2 or to invade the dorsolateral pathway ( Fig. 2I-LЈ ; Fig. 3E -HЉ,J). Altogether, the timely downregulation of Foxd3, Snail2 and Sox9 in the NT is necessary both to specify NC cells to the melanocyte lineage and to allow them to migrate dorsolaterally. Hence, activity of these genes in the early dorsal NT might serve to inhibit the premature advent of melanocyte traits by linking the regulation of cell specification with pathfinding.
Snail2 and Sox9 control the expression of Foxd3 in neural crest progenitors
As described above, Snail2, Sox9 and Foxd3 exhibit comparable expression patterns in the dorsal NT (Krispin et al., 2010b) and similarly affect melanogenic and glial traits in late emigrating NC cells (Figs 2, 3) . Therefore, we examined whether there is an interaction between these genes in vivo. To this end, each factor was separately misexpressed in the late NT, when transcription of none of the above was detected any longer. One day later, transcription of the other two genes was monitored in migrating progenitors. First, we confirmed that none of the genes is indeed expressed in migrating cells following transfection with control-GFP ( Fig. 4A, arrows ; data not shown). Next, we observed that continuous expression of Snail2 upregulated both Sox9 and Foxd3 mRNAs in cells whose migration was now diverted ventrally ( Fig. 4B ; data not shown). By contrast, transfection of Sox9 upregulated Foxd3 but did not stimulate expression of Snail2 ( Fig. 4C ; data not shown). Finally, EP of Foxd3 did not upregulate either Snail2 or Sox9 (Fig. 4D,E) . These data suggest that Snail2 and Sox9 are both sufficient to maintain Foxd3 expression. Next we examined whether Snail2 or Sox9 activities are necessary for Foxd3 expression. In early EPs of control GFP Foxd3 expression was evident in the dorsal NT. By contrast, EP of dominantnegative versions of Snail2 (Snail2-BD), a Snail2 construct lacking the N-terminal domain, or of Sox9 (Sox9-EnR) in which the C-terminal transactivation domain was replaced with the engrailed repressor domain, inhibited Foxd3 transcription (Fig. 4G-HЈ) . Notably, both Snail2-BD and Sox9-EnR were effective only in early-stage EPs (15 ss), yet had no effect at 20-25 ss (not shown). Thus, Snail2 and Sox9 may be necessary for initial Foxd3 transcription but not for its maintenance.
As these three factors are present in the dorsal NT during the 'neural' phase of NC ontogeny, they may be part of a molecular 2273 RESEARCH ARTICLE Neural crest lineage segregation network underlying specification of neural lineages at the expense of melanocytes.
Specification to the melanocyte fate and choice of migratory pathways are separable events
Transcription of both Mitf and Ednrb2 begins after melanocyte progenitors emigrate from the NT (Harris et al., 2008; Krispin et al., 2010b; Pla et al., 2005) . As shown above, Sox9, Snail2 and Foxd3 inhibit expression of both MC/1 and Ednrb2 thus linking cell specification with guidance. This observation raised the question whether Mitf-dependent melanoblast specification regulates Ednrb2 downstream of Foxd3, Sox9 and Snail2, and consequently, migration through the dorsolateral pathway, and/or vice-versa. Alternatively, these two processes can be experimentally separated. The latter scenario would suggest that cell specification and guidance are independently regulated.
To examine these possibilities, Mitf or Ednrb2 were misexpressed in the early NT. A day later, embryos were analyzed to trace prospective ventrally migrating 'neural' progenitors, the only cells that exited the NT by this stage. In control GFP-treated embryos, migration was restricted to the ventral pathway where labeled cells co-expressed islet 1 or neurofilament; these were never observed in the dorsolateral pathway under normal conditions at early or late stages. The ventrally migrating progenitors, however, did not express melanocyte markers such as MC/1, Kit or Melem (Fig. 5A -C,M; supplementary material Fig. S4A ,B) (see Krispin et al., 2010b) . Misexpression of Mitf in 'neural' precursors upregulated MC/1 (Fig. 5D, short arrows) , Kit and Melem (supplementary material Fig S4C,D, arrows) , and prevented the advent of neural markers (Fig. 5E,F, dashed arrows) . Furthermore, in the dorsal NT, Mitf misexpression inhibited transcription of Foxd3, Sox9 and Snail2, which mostly characterize the neural phase of NC development (supplementary material Fig. S5 ). Importantly, in spite of reprogramming early neural progenitors into a melanocyte fate, Mitf did not alter their original ventral migratory pathway (n=7, P=0.8, Fig. 5D-F ). However, these cells failed to upregulate MC/1 (Fig. 5G ) and instead induced expression of islet 1 or neurofilament (Fig. 5H,I ). Moreover, in contrast to Mitf, Ednrb2 did not alter expression of Foxd3, Sox9 or Snail2 (supplementary material Fig.  S5G -IЉ) in the dorsal NT. So, whereas the latter genes inhibit both Mitf and Ednrb2 mRNAs, only Mitf negatively impacts their expression. Altogether, Mitf and Ednrb2 control different aspects of melanocyte development. We then examined whether combining both genes would induce melanocytes that migrate prematurely through the dorsolateral pathway. Indeed, misexpression of both genes in the NT during the neural phase of NC production resulted in labeled cells in the dorsolateral pathway that expressed MC/1, but not islet 1 or neurofilament (n=9, P<0.001 for the percentage of cells in dorsolateral pathway, Fig. 5J-M) . Thus, expression of both factors in vivo is sufficient to reprogram ventrally migrating neural progenitors into laterally migrating melanocytes.
Next, we asked whether Mitf and Ednrb2 regulate each other. When Ednrb2 was misexpressed at 20 ss, labeled cells that prematurely entered the dorsolateral pathway did not upregulate Mitf, similar to control-GFP transfected cells that, as expected, migrated ventrally (supplementary material Fig. S6A-CЈ) . Conversely, MITF only mildly stimulated expression of Ednrb2 in emigrating progenitors compared with the contralateral sides and to control-GFP, to levels far lower than those in normal melanocytes (supplementary material Fig. S6F ,FЈ compared with S6D) and clearly insufficient to redirect cell migration dorsolaterally (see also Fig. 5 ). Therefore, in spite of being expressed together in normally emigrating melanoblasts (supplementary material Fig. S6A,D) , Mitf and Ednrb2 are likely to act via parallel pathways to regulate melanocyte specification and guidance, respectively.
Neural progenitors in the mouse NC lacking Foxd3 respecify into melanocytes
Here we showed that targeted overexpression of Foxd3 in avian melanocyte progenitors inhibits their differentiation while promoting a glial fate. Conversely, attenuation of Foxd3 in vitro with antisense morpholinos enhanced melanogenesis (Kos et al., 2001) . As in avians and other species, Foxd3 is one of the earliest molecular markers of the murine NC lineage. It is expressed in
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Development 140 (11) premigratory and migrating NC and is downregulated as the cells differentiate into neurons in peripheral ganglia or into melanocytes (Dottori et al., 2001; Labosky and Kaestner, 1998) . Earlier work demonstrated that loss of Foxd3 in the NC resulted in a cellautonomous bias in lineage selection away from neural and glial cell fates towards a mesenchymal fate (myofibroblast) (Mundell and Labosky, 2011 To evaluate changes in melanocyte development embryos were stained for Mitf at different stages. At thoracic levels of 9.5 days post coitum (dpc) embryos, NC cells emigrated and similarly migrated through the ventral pathway in both controls and mutants but no Mitf mRNA signal was yet detectable (not shown). At axial levels caudal to the hind limbs of 10.5 dpc controls, many YFP+ NC cells were found along the ventral migratory pathways, and the first Mitf+ cells were already apparent in a dorsolateral position outside the NT (Fig. 6A,AЈ) . Strikingly, at the same age in mutant embryos, Mitf was ectopically expressed in subsets of dorsal NT progenitors and a few Mitf + cells were found just outside the NT (Fig. 6B,BЈ) . These ectopic premigratory MITF+ cells were no longer detected at later stages.
In the trunk of 11.5 dpc embryos Mitf+ melanocytes migrated subectodermally in both controls and mutants (Fig. 6C,D, arrows) . Furthermore, in control embryos, well-established DRG expressing neuronal tubulin (Tuj1) were apparent (Fig. 6C) . In striking contrast, substantial Mitf transcription was observed in the mutant DRG with a concomitant loss of both neuronal (Tuj1+, Brn3a+) and glial (Fabp7+) markers (Fig. 6D-G) altogether, suggesting that a neural to melanocytic shift occurred at the level of NC progenitors. This altered distribution of the various cell types in the mutant DRG may have accounted for their irregular morphologies and size ( Fig. 6D,F ; Fig. 7B,D) (Teng et al., 2008) . Consistently, dorsal and ventral roots also contained numerous Mitf+ cells in mutant but not control 2275 RESEARCH ARTICLE Neural crest lineage segregation embryos (Fig. 6D, arrowheads) . In addition to Mitf, ectopic Trp2+ and Kit+ cells were also observed in DRG of the mutant embryos (Fig. 7A-D) , further substantiating a fate reallocation into melanocytes. Additionally, a similar upregulation of Mitf was observed at 10.5 dpc in mutant cranial sensory ganglia, yet only a few Mitf+ cells were present in the periphery of control ganglia preferentially abutting the external mesodermal side (Fig. 7E-FЈ) . In contrast to sensory ganglia, no ectopic melanogenesis was observed within sympathetic ganglia (data not shown). Together, these genetic data reveal that Foxd3 is necessary for the maintenance of neural progenitors of the NC in part by repressing premature and ectopic melanogenesis.
DISCUSSION
We investigated the segregation of neural and melanocyte lineages derived from the NC. Using stable lineage tracing of progenitors expressing a Foxd3 enhancer, we report that in the early NT presumptive dorsal melanoblasts are included within the Foxd3-positive neuroepithelium, but segregate from this lineage before delamination, whereas neural derivatives maintain Foxd3
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Development 140 (11) expression. This is consistent with the late downregulation of Foxd3 in the dorsal NT and absence in melanoblasts and with its persistence in neural progenitors until differentiation (Dottori et al., 2001; Kos et al., 2001; Krispin et al., 2010b; Labosky and Kaestner, 1998) . Hence, the progressive narrowing of the domain of Foxd3 transcription observed in the dorsal NT during NC ontogeny stems from two distinct processes. First, the actual delamination of neural precursors that express the gene (Krispin et al., 2010b) and second, its downregulation in presumptive melanoblasts (this study).
In addition, our findings highlight the observation that Foxd3 is also an early marker of RP cells, reported to originate ventral to presumptive melanoblasts in the dorsal NT (Krispin et al., 2010b) . Therefore, before the onset of NC departure from the neural primordium, Foxd3 in the dorsal NT is not a NC-specific marker. Although the lineage of Snail2 and Sox9-expressing progenitors was not directly traced, the above findings are also likely to be relevant to these genes, which exhibit similar dynamics and act upstream of Foxd3. Notably, the use of a specific Foxd3 reporter also enabled us to determine that the segregation between RP, melanocytes and neural lineages occurs earlier than previously thought, as both melanoblasts and RP downregulate Foxd3 before delamination of the former. Furthermore, lineage analysis of the dorsal NT by this time generated progeny containing either RP or melanocyte cell types, further supporting the notion of some early fate restrictions (Krispin et al., 2010b) .
In this regard, a recent study partly challenged the notion of early fate restrictions by analyzing the outcomes of premigratory progenitors located at various dorsoventral positions in the avian NT (McKinney et al., 2013) . They reported that except for sympathetic precursors, the choice of migratory pathways and homing sites does not correlate with the position of origin of NC cells in the NT, thus concluding a lack of fate restrictions for sensory progenitors and melanocytes. A possible difference between this report and that of Krispin may stem from the broad range of stages pooled together (19-35 somites) in McKinney's study. As dorsal NT progenitors progressively relocate ventrodorsally before emigration, as reported by Krispin et al. (Krispin et al., 2010b) and confirmed by McKinney et al. (McKinney et al., 2013) , the dorsal NT exhibits a highly dynamic behavior, with different progenitors transiting the area as a function of time. This implies that the fate of relatively ventral progenitors marked at a young stage would be equivalent to that of dorsal precursors labeled at an older stage. In other words, labeling of a dorsal zone at a range of ages instead of a precise stage would lead to multiple fates. In addition, given their interpretation, a clonal approach would have been warranted to truly challenge the existence of fate restrictions in the premigratory NC.
The above findings raise several questions. First, what are the roles of Foxd3 in the early neuroepithelium and in derivatives that exhibit prolonged expression? Second, what are the mechanisms responsible for its downregulation in pigment and RP progenitors? In both zebrafish and mice, loss of Foxd3 function resulted in lack of specific NC derivatives but not in defective NC specification (Arduini et al., 2009; Cooper et al., 2009; Lister et al., 2006; Montero-Balaguer et al., 2006; Mundell and Labosky, 2011; Stewart et al., 2006; Teng et al., 2008) . This suggests that Foxd3 regulates maintenance rather than specification of the NC (but see Pohl and Knochel, 2002; Sasai et al., 2001) . Kos et al. (Kos et al., 2001) reported that in avians, morpholinos against Foxd3 resulted in early cell entrance into the dorsolateral pathway yet the phenotype of the cells was not monitored; in vitro, an increased proportion of melanocytes was reported but the responsible mechanisms were not addressed. The present results show the advent of melanocyte traits in the dorsal NT and in peripheral ganglia of mouse embryos lacking Foxd3 activity. Our results are consistent with results of loss of Foxd3 function that suggested a shift from neural into mesenchymal fates (Mundell and Labosky, 2011) . Hence, in addition to maintaining a progenitor state and being necessary for cell survival, Foxd3 plays a pivotal role in repression of normal melanogenesis, as premature expression of pigment traits appear in prospective melanocytes within the NT of Foxd3 mutants. Hence, Foxd3 activity is necessary for the maintenance of neural progenitors of the NC, and its timely downregulation in the NT may be a prerequisite for melanocyte development (Fig. 8) . Along this line, the death of neural progenitors in the Foxd3 mutants (Teng et al., 2008 ) might result from a misspecification into pigment in ectopic sites, including the premigratory domain, reflecting an independent role of Foxd3 on cell survival. An additional function of Foxd3 is the stimulation of glial/Schwann cell fates, which is consistent with its maintained expression in these lineages (Kelsh et al., 2000; Kos et al., 2001 ). This notion stems from gain-of-function experiments in avians where prospective melanocytes were able to shift their identity into P0 and Fabp7-expressing cells (this study and Kos et al., 2001 ) and downregulate Ednrb2 (this study), and by loss-of-function data in mice where DRG glia and SC progenitors along nerves undergo massive melanogenesis and fail to migrate (this study) (E.N. and C.K., unpublished). Hence, Foxd3 activity affects the glia-melanocyte choice both in premigratory NC as well as in DRG and SC precursors consistent with the existence of putative glia-melanocyte bipotent progenitors (see Introduction). By contrast, developing neurons downregulate endogenous Foxd3 (Dottori et al., 2001) . We hypothesize that their observed inability to respond to gain of Foxd3 function at the late stage stems from the fact that they segregate from the Foxd3+ lineage earlier than their glial counterparts. Notably, no ectopic melanogenesis was observed within sympathetic ganglia, indicating a differential requirement for Foxd3 activity among the various NC derivatives. Alternatively, sympathoblasts might have undergone premature melanogenesis 2277 RESEARCH ARTICLE Neural crest lineage segregation and Foxd3 are transcribed in the dorsal NT at an early stage where they promote neural development while inhibiting melanogenesis. At a later stage, expression of these genes is lost upon emigration of the neural progenitors. Of these three genes, Foxd3 is both carried by the migrating neural precursors and downregulated in prospective melanoblasts while still resident in the NT (this study). The factors responsible for downregulation of the network (red X) remain to be elucidated. Consequently, inhibition of Mitf and Ednrb2 transcription is removed and melanocyte development (both specification and dorsolateral migration, respectively) begins. during migration; as their journey to the target sites is the longest, this might have prevented them from reaching the para-aortic area. Together, these results suggest that Foxd3 plays specific and differential roles at progressive stages of NC development.
As Sox9 and Snail2: (1) similarly inhibit melanogenesis and proper dorsolateral cell migration; (2) exhibit the same dynamic behavior as Foxd3 in the dorsal NT; and (3) act in this context upstream of Foxd3 to promote its expression, the question of the mechanisms responsible for downregulating Foxd3 could in fact be asked regarding all three factors in the hierarchy (Fig. 8) . BMP4 is a candidate for regulating levels of expression of the above genes, as BMP4 maintains their transcription (Sela-Donenfeld and Kalcheim, 1999; Tribulo et al., 2003) , and with progressive exit of neural progenitors, the domain of Bmp4 mRNA expression in the dorsal NT becomes restricted to a narrow stripe, suggesting that its effective concentration decreases. Although a lower concentration or activity range of BMP4 may still suffice for sustaining Wnt1 transcription in the dorsal NT (Burstyn-Cohen et al., 2004; Chesnutt et al., 2004) , which may affect melanocyte development (Jin et al., 2001) , it may not be enough to preserve transcription of Sox9, Snail2 and Foxd3. Another mechanism might involve changes in cell-cell interactions and/or a progressive loss of multipotent features in the NT itself during NC delamination. These might affect transcription of specific genes whose activity is necessary for maintaining an unspecified state. In zebrafish, histone deacetylase1 was found to be required, directly or indirectly, to repress Foxd3. Whether it acts by regulating chromatin structure, which in turn affects gene expression, is not known (Ignatius et al., 2008) . It would be interesting to examine whether histone deacetylase1 acts in response to dorsal NT-derived factors such as BMP4 and Wnt1. Likewise, methylation of the Foxd3 promoter might account for its observed downregulation (Cheng et al., 2013) .
It is becoming increasingly clear that Foxd3-dependent failure of melanocyte development results from the direct or indirect inhibition of Mitf (Curran et al., 2010; Curran et al., 2009; Ignatius et al., 2008; Thomas and Erickson, 2009) . Our data support and further extend these results by placing Foxd3 downstream of Snail2 and Sox9 in this context, thus identifying a minimal functional network (Fig. 8) . Reciprocally, we also observed that Mitf inhibits transcription of the three genes, suggesting that once Mitf is expressed, melanocyte differentiation is initiated at the expense of unspecified or of neural progenitors. As lack of Foxd3 is conducive to melanogenic differentiation, the question arises whether the melanocyte state is a default of NC development at certain levels of the axis.
Furthermore, we report that in avian embryos, the migratory phenotype caused by continuous Foxd3 expression results from Foxd3 repressing transcription of Ednrb2. In spite of Foxd3 controlling both Mitf and Ednrb2, we show that the pathways controlled by the latter proteins can be uncoupled. For instance, ectopic expression of Mitf in neural progenitors induced melanocyte markers without altering their original ventral migration. Indeed, Mitf only marginally upregulates Ednrb2 in the NT in contrast to neuroretinal cultures, in which Mitf induced Ednrb2 (Planque et al., 2004) . Reciprocally, Ednrb2 diverted neural progenitors into the lateral 'melanocytic' pathway, yet they still adopted neural traits and did not upregulate Mitf, further supporting the notion that initial fate acquisition is independent of the migratory environment (Krispin et al., 2010b) . Along this line, the premature entrance of NC cells isolated from 'old' NT explants into the dorsolateral path of young hosts was interpreted to reflect a commitment to the melanocyte lineage (Erickson and Goins, 1995) . In light of the new data, we reinterpret these results to mean that, most likely, the grafted cells expressed at least Ednrb2, which is sufficient to direct dorsolateral migration (Harris et al., 2008; Krispin et al., 2010b) . Hence, in spite of becoming expressed simultaneously following Foxd3 downregulation and melanoblast delamination, Mitf and Ednrb2 play different roles (Fig. 8) . In the mouse, loss of Foxd3 altered specification with no apparent changes in migration, yet the mechanisms coupling both processes are likely to differ from those in avians because Ednrb2 is avian-specific, and in mice Ednrb is expressed in both ventral and dorsolateral pathways (Dupin and Le Douarin, 2003) ; this suggests that additional receptors may be relevant in guiding murine melanocyte migration.
